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1.1. 

et al

Patterns, spatial complexity
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GIS

Crop
&
Soil

Models

Figure 1.1.
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1. 
2. 
3. 

food crops,
4. 

6. 

1.2. 

and Akeampyong et al

C, and not if F < C.

Cannell et al

comp

noncomp

recycl

nonrecycl

One may argue that Fcomp recycl and that in the longer run 

1. the complementarity of the resource use, 
2. nonrecycl

3. 

recycl. 
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Table 1.1.

et al., 

Yc = Y0 + F1 + F  + Cl + Cw+n + M

Crop yield in Crop yield in 
monoculture

Long term 
for light for water and 

nutrients

Micro-
climate 

1. Experimental Mulch transfer Residual Tree removal

2. Process-level 
understanding rates

SOM 
Canopy 
shape, light 

Root archi-
-

3. Synthesis 
model W           a            N            u         L             C             A             S

from the cropping period, as occurs with water in the Grevillea
pers. comm

noncomp nonrecycl. With increasing 

  

et al
 
As light is not stored in ecosystems, complementarity in light use is easy to measure. For water 
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pronounced, there is more chance that an agroforestry system improves crop yields than at 

keep track of resource stocks outside and inside the plants and use these to calculate daily 

1 and F

l and C et al. 

      

crop [1]

et al

Table 1.2.

zones with increasing distance to the tree.

Term in eq. 1 Water Nitrogen Light

Input imports

Recycle
root zone crop residues -

Crop

-
takecrop

top 1,2

Tree,Noncomp

-
taketree 3

Losses -
est zone zone

-

point of view, unless there is at least some complementarity in resource capture. Direct 
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1.3. Intercropping, crop-weed and agroforestry models

et al

from more specialized component models, such as drivers for physiological development 

is in models for monocultural stands.
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e.g. maize, cassava

or a weed (Imperata)

A Crop

or fruit trees

or woody fallows

e.g. hedge-
row trees

A Tree

Nitrogen Water

Light

Figure 1.2. Components of the WaNuLCAS model.

shoot
biomass LAI PAR

H O2

N

}

N capture
Transpiration

Photosynthesis

root
biomass

RAI

Above-
ground
inter-
action

Below-
ground
inter-
action

Figure 1.2.

et al
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further integrated and applied simultaneously, avoiding priority assignment. One way of 

In developing a generic model for water, nutrient and light capture in agroforestry systems 

1. 
at patch scale

complementarity and 
,

2. well-established modules (models)

3.  term as the outcome of resource capture

4. agroforestry systems

independently 
measured 

6.  within each type of agroforestry system,

regards soil and climate
8. be user-friendly

open to improvement
9. generate output
10. 
 

STELLA

seen as a prototype; in the STELLA
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development

Environment

yields for an agroforestry project
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the STELLA environment
 

 

light, atmospheric CO2
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rate of photosynthesis that depends on factors such as CO2

 

rainfall.
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improved, used, expanded

          

Sector map Control Screen





 
The model is formulated in the STELLA

and crop.

of the climate.

and-burn land clearing.

 Chapter 2
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2.1. Model features

The model was developed to emphasize the common principles underlying a wide range of 

Agroforestry systems

pruning.

Climate

Soil
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Figure 2.1A. 

Figure 2.1B. 

Core Module

Climate

CropTree

Soil : 
Water & 
Nutrient

Planting 
Schedule

Soil Erosion 
and Sedimentation

Soil Structure
Dynamic

Additional

Module

Pest and Diseases

Labour use and 
Profitability

Parasitism
Semi-parasitic 
(cendana)
Loranthus

Slash and Burn

Tree Product:
Oil Palm
Rubber/Latex

Grazing

Management:
Soil Tillage
Pruning
Fruit 
Harvesting
Timber 
Harvesting
Killing Trees
Mulching
Weed Growth

Additional

Module
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The Water balance

Growth

allocate growth over tree organs.

Uptake

uptake [2]

Demand
[1] [2]

   
        [3]

rv.
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k
1. rv
2. i in a monoculture with the same Lrv,
3. 

Root growth

root decay or can follow dynamic rules roots similar to those for crop.

The 

Light capture

STELLA
1. 

2. 

3. 

STELLA shell does, 

In STELLA
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various used in the model, see the array editor within the STELLA model.

Figure 2.2A.
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Figure 2.2B. 

Figure 2.3A. A Middle level overview of the WaNuLCAS model in version 4.0.

LAYER 1

LAYER 2

LAYER 3

LAYER 4
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Figure 2.3B. Middle level view on the WaNuLCAS model with examples of 1 sectors.
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Figure 2.4. Example of output graphs.
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1. 
2. 
3. a proven ability of the model to predict measured outputs on the basis of 

appropriate input parameters.
 

for the full list of parameter names.

 Chapter 3
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3.1. Agroforestry systems 
3.1.1. Zoning of the agroforestry system into four zones. 

Figure 3.1. 

AF_TreeZone[Tree] 

is located, 
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Table 3.1. 

Geometry canopy
Topsoil
depth

- Time sequence

Alley cropping Linear, half al- Zone 1, 
Zone 1 - 4 Homogeneous

Homogene-
ous, except 
for canopy 

Alley cropping 

hedgerow 
two hedgerows Zone 1 - 4

Homogeneous

Homogene-
ous, except 
for canopy 

Alley cropping 
on slopes one hedgerow

symmetrical 
canopy

Gradient
Heterogeneous -

Taungya transi-

crops
Linear Zone 1 - 4 Homogeneous

Homogene-
ous, except 
for canopy 

of  
grasslands

Linear, start 
with  

or whole alley
Zone 1 - 4 Homogeneous

Homogene-
ous, except 
for canopy 

trees
Linear, use cof-

Zone 1 - 4 Homogeneous

Homogene-
ous, except 
for canopy 

Homegarden Linear or Circle Zone 1 - 4 Homogeneous Homogeneous

Parkland trees Circle Zone 1,
Zone 1 - 4 Homogeneous Heterogeneous

mosaic
Linear

Zone 1,
Homogeneous Homogeneous or Switching 

and crop stage

Tests

, while the results for Zone 1 
. The current 

Basic concept
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Example of results
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Figure 3.2. 

explained in the text
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else 0

else 0

 
2

i] and are calculated 
such that they add up to 1.0.

  [4]

i
2 - ri-1

2
4

2

i

i

   [5]
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i

3.1.3.  Calendar of events

Figure 3.3.

Table 3.2.

No. Date Year in WaNuLCAS Day in WaNuLCAS

1. 0

2. Pruning Gliricidia 1

3. Maize harvest 1 69

4. Pruning Gliricidia 1

1

6. Pruning gliricidia 1

Groundnut harvest 1 214

Pruning Gliricidia 1 219
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3.1.4. Crops, weeds and trees

-2 day-1

i

3.1.5.  Animals and soil biota
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3.2. Soil and climate input data 

et al

the tropics than in temperate regions.

et al

the spreadsheet itself.
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10% Clay

10% Silt

80% Sand

Figure 3.4. 

rain event.

3.2.2. Temperature

Wanulcas.xls spreadsheet

of cropping season. Current default values for air temperature ensure the length of cropping 
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3.2.4. Rainfall

Table 3.3.

Rain_AType 1 = Tabulated daily 
rainfall

2 = rainfall simula-
tor

3 = Random gen-
erator

around monthly 
total

rain on a given day
rainfall occur-

Amount of rain

-

-
ter models.

Normal distri-

-

Normal distri-

rainfall
Implicit in data 

heavy rain catego-
ry, for light rain a 

STELLA

rainfall data outside of WaNuLCAS copy the results to the Wanulcas.xls spreadsheet and set 
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STELLA

 

  [6]

STELLA
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 [7]

1. 
2. 
3. 

Change of slope

Figure 3.5.

        [8]

     [9]

 [10]

w
A

A'

A*

B

C

C'

C*

O

x1

x2

h}h*

h‘

}h*

hx + h*

hx

v v

P

Soil 
moved
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Hence,

     [11]

    [12]

-3

decline of topsoil height, without change in slope angle.

3.2.7. Soil erosion 

3.3. Water balance

1. 

2. 

3. 

4. 

6. 
open,

9. 
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Figure 3.6.

solutes.

Table 3.4.

In

Final soil water content for all zones and layers

Patch-level run on

Rainfall

the deeper soil layer.

rainfall and
irrigation

surface
infiltration

evapo-
transpi-
ration

plant
water
uptake

surface
evapo-
ration

leaching

run-on

subsurfa-
ce lateral
flow

run-off

subsurfa-
ce lateral
flow

soil water
retention
(storage)

soil water
retention
(storage)

top-
soil

sub-
soil

bypass flow

drought signals

drainage

root hydraulic 
equilibration

deep
infiltration

1

2

3

4

5

67

8

9
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3.3.2. Water uptake
 

has access.

implemented as such in a STELLA environment, we chose for an approximate procedure, where 

1. p

2. 

3. p on 
et al

4. p Ep rh for all voxels  

p

s,i and hrh and their 
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6. p p

sh

shX*
E p

pL Lrv

avg soil
water
potential

transport

uptake
resistance

hp hrh hs,i

hp

fp

0

1
2

fp E p

E p

pL Lrv

i

fp E p

potential
uptake
rate 
layer i

real uptake 
rate = min(demand, supply)

5

1

6

7

8

3

4w
at

er
 p

ot
en

tia
l, 

cm

Potential
growth

Light

WUE

Real growth

plant rhizosphere soil

Figure 3.7.
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Shared by tree & crop ~ Lrv * s

Tree only

Soil in the voxel

Potential uptake is a linear 
function of ‘matric flux 
potential’, , allowing for a split 
of the overall gradient

W
at

er
 p

ot
en

tia
l

Actual uptake for 
each plant from 
any cell

Potential uptake for 
each plant from any 
cell

s

l

h

( l - s), LrvC,p
LrvT,
( h - l),
LrvT

Hp,T Fest,TLp,T

Hp,C crop in this 
voxel

Hp,C Fest,CLp,C

Hp,T tree in this 
voxel

 Figure 3.8.

et al et al

rich dry topsoil layers and thus facilitate nutrient uptake. The reverse process, deep water 

increase their overall resource capture vis-a-vis shallow rooted plants.

i into or out of each cell i
           

        [13]

where i and j i and j i and rj to the 

root systems that are connected to the soil.
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1. 

2. 

3. 

4. 

0.1 day-1

matches total demand.
6. 

1. 
2. 
3. 
4. 
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Figure 3.9 -1 of the 

 

1. 

2. 

3. 

the amount that can cross the surface in a day, which depends on saturated hydraulic 

4. 
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1. 
W1

  [14]

  [15]

    [16]

and for j ij

2. 
W2

not

3. W3

W1

4. 

N1
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N2

column underneath the surface.

   [17]

With

    [18]  

   
Figure 3.10

from rainfall and rain intensity.
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  [19]

Rate is expresses in mm hr-1

mm hr-1

and

 [20]

-1

Figure 3.11. General lay out of soil column uphill in WaNuLCAS model.
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Figure 3.12.

depth
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3.4. Nutrient (nitrogen and phosphorus) balance
3.4.1. Nutrient inputs and outputs

et 
al

3.4.2. Nutrient inputs

and pruning.
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Table 3.5. 

In

Final inorganic N or P stock in soil

Final organic N or P in SOM-pools

N or P in external inputs or organic material N or P in harvested crop yield

N or P in harvested tree components

3.4.3. Leaching

BypassMacroi

i

1) Target nutrient content

of 0.2 kg m-2 -1

.  The target N content is then contrasted with the current nutrient 
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N uptake

B
io

m
as

s

closed crop
canopy

Relative N content

N
 p

os
 g

ro
w

N_Pos_GrowActual
biomass

N-min in soil

current
N-demand

potential
uptake

actual
uptakeRoots

Water 
content from n*m layers and zones

Actual N
content

Target N content

N deficit

N  fixation2

1

4

3B
2

3A

6

7

5

Figure 3.13

2

    [21]

ijk from each cell ij k is 

    [22]

-3
0

1 and a0
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stock is the current amount of mineral N per 

0 is the root radius. 

5) Actual uptake. Actual uptake Sijk
component k for all cells ij in which it has roots. Total uptake will not exceed plant demand. 

grow[nutrient].

      [23]

. Actual uptake and N2

a theta

a

3 3

3

a

  [24]



52

WaNulCAS 4.0
Background on model of Water, Nutrient and Light Capture in Agroforestry Systems

3 aNH4

3 is also treated 

plant uptake.

a a

Figure 3.14. A. Conceptual scheme of P pools in the soil 

B.

a

A

B

0

2000

4000
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8000

10000

12000

14000

16000

18000

0 1 2 3 4 5 6 7 8 9

P stock

K
a

Layer1
Layer2
Layer3
Layer4
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3.4.7. N2

2

 

N content and daily N2

parameter is set at 1.

N2

2

2

2

2

N_target/N_biomass
0.0 0.2 0.4 0.6 0.8 1.0

N
_F

ix
da

ily
Fr

ac

0.0

0.2

0.4

0.6

0.8

1.0

0 NFixRespi 
0.25 
0.5 
1 
2 
4 
8 

N_Posgrow 
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2

2 

N2

disappear,

in a soil compartment are such that they are mixed or occur in separate clusters. This 

-1

-3

-1 cm2

-1 cm2

3.4.9.  N15 labeling

The standard version of WaNulCAS no longer includes the sector that represents N
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3.4.11. Green House Gas (GHG)

2, N2
et al., 

4

1. 

2. for N2

Details for nitrogen oxides

x
to Verchot et al

all gaseous N losses the N2

Verchot et al

  [25]

-1 day-1

-1 day-1 -2 day-1 -1 year-1
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    [26]

 [27]

actual.

From Verchot et al

 [28]

2, 

2

2 part is added.

2
to the overall N2 2

2.

predicted N2

Details for methane

-1 y-1 
-1 day-1 or 0.0011 g m-2 day-1

et al

Figure 3.16 provides examples for a range of values of the Km parameter.
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Figure 3.16.

An example

Figure 3.17.

2
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3.5.1.  Crop root length density

Rt_ACType = 0 user input of maximum root length density for each layer i of zone j. Crop roots 

Rt_ACType = 1

   [29]

i -2 i ; 
-1

zonesi. 

Table 3.6. 

Rt_ACType Dynamics of root growth and decay

0

1 As in 0

2

-

uptake
- -
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i

Rt_ACType = 2 

not easily measured independently and the user may have to explore a range of values. 

at 0.

i
-1

version 1.2 root turnover is not

Figure 3.18.

of maximum Lrv

rv from 

rv 
idem

under no, mild and severe water or N stress 

Lrv

D
ep

th

Lrvlog

D
ep

th

Lrv

D
ep

th

0 1 2
Stage
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R
el

.ro
ot
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severe

none
mild
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values of this responsiveness are chosen, the calculated change in root length of an individual 
layer could exceed the total change in root length from decay and new root growth. We prevent 

Figure 3.19.

3.5.2. Tree root length density

Rt_ATType = 0 user input of root length density for each cell ij, and 

Rt_ATType = 1

  [30]

-2

-1

determined.

    [31]

where the Lrv00 .. Lrv11
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For Rt_ATType = 2

Rt¬ATType = 3

STELLA

For Rt_ATType = 2

    [32]

   [33]

     [34]

1 1
DiamSlopeRtWght, a2 2

   [35]

  [36]

       [37]

r
2.

max
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     [38]

t and SumDr
2

       [39]
and

      [40]

t

     [41]

      [42]

t

   [43]

3.5.4. Root diameter and mycorrhiza

  [44]
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    [45]

Figure 3.20. 

root diameter exists when root length 

3.6. Light capture

Faidherbia albida is during the crop growing season. 

The current approach has evolved from that in WaNuLCAS where only a single tree plus crop 

If light capture of n 2n-1 canopy layers 

of one of the components. In WaNuLCAS we chose, however, to use only n canopy layers, using 
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leaves spread evenly within that layer. 

h 1

l 1

h2

l 2

LAI(1) LAI(2) Light intensity

H
ei

gh
t

e-k  LAI
1 11

e-k  LAI
1 1

-k  LAI
2 22

e-k  LAI
1 1

-k LAI
2 2

h 1

l 1
h2

l 2

Light intensity

H
ei

gh
t

e-k  LAI
1 1

e-k  LAI
1 1

-k  LAI
2 2

1

2

3

1

2

3

A.

B.

Figure 3.21.

1. pi
2. j  j

the highest, for j
3. calculate the LAI of each plant component i in each canopy layer j

  [46]

i
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Figure 3.22.

4. 

  [47]

   [48]

6. 



66

WaNulCAS 4.0
Background on model of Water, Nutrient and Light Capture in Agroforestry Systems

3.7. Crop growth

1. 
2 g-1

2. 

3. 

4. 

-2 day-1

which will depend on the crop species,  
6. 

9. 

  

Figure 3.23

demand is decreasing.

Rel_Light_Capture MaxGroLUE* *PotGro =

Biomass LWR SLA

LAI

shading

min(NPosGro,
WaterPosGro)

climate
data, or
input

1

0 1 2
Physiological stage

Light
Use
Effi-
ciency

*

TranspDemand

1

34

6

5

7

8

Canopy Height
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-1 day-1

-1 day-1

-1 day-1

2 g-1

-1 day-1

DwSt is recorded

 TimeVeg
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2

STELLA

the harvest index. 

procedure outlined.
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Crop Stage
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These parameters are set within the STELLA

3.8. Tree growth 
3.8.1.  Tree growth stage 

PrunHarvFrac.

FruitHarvFrac part of it is harvested from the plot, the remainder returned as mulch.

3.8.2. Canopy and support structure
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      [49]

       [50]

min and LAImax.

LAImin min and the shape of 
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ellips-shape
max-
width

max-green-
height

min-LAI
max-LAI

parameters:
Wanulcas canopy shape during a pruning/regrowth cycle

1. Bare trunk of given height
2..4. Lateral expansion of canopy with a fixed LAI-canopy, and 
constant LWR inside the canopy, and constant width/height ratio

6,7. When maximum canopy-width is obtained, the LAI inside the canopy 
may increase to its maximum value, still at constant LWR
8. Beyond this point the canopy will increase in height, with 
concommittant litterfall and formation of 'thick stem' category

5. When canopyheight exceeds max-greenheight, litterfall ~ inner ellips

1. 2. 3. 4. 5.

6.7.8.

Figure 3.27.Tree canopy shape during a pruning - regrowth cycle

        [51]

         [52]

LAImin to LAImax. 

      [53]

If LAIcan reaches LAImax
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    [54]

   [55]

  [56]
          

   [57]

     [58]

3.8.5. Tree phenology
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 Case 2. Deciduous, 
reaching ‘steady state’ 

Case 1. Deciduous, single 
flush & ageing 

Case 3. Deciduous, 
reaching ‘steady state’ 

LeafFlush 
DOY 

LeafFall 
DOY 

0.5*Leaf 

Figure 3.28

min, and 

min

       [59]

Lmin
can expect that for a diameter increment from Dx to Dx

 al min

        [60]

min to 

max
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   [61]

For any Dmax value more then 2.4 Dmin the error made when ignoring the Dmin term in the 

max

min

min

        [62]

and is this independent of BiomD1 and decreases with increasing slope of the link length 

l l

0 

    [63]

     [64]

0 according 

     [65]
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3.8.7. Tree products

day

in their demand for growth resources.
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Phyllochron as 
time unit

Sex 
determination ~ 

stress

Competition 
between 
bunches

Shift-thorugh
bunch ageing

Harvest cycle ~ 
phyllochron

Fruit number 
within bunch

Figure 3.30.

phyllochron

internal growth reserves, as well as in response to current water stress; as in the model 
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sink strength,

book keeping

stage.

Hevea brasiliensis Dyera costulata Acacia 
senegalensis

parameter values.

Figure 3.31.
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Figure 3.32.



82

WaNulCAS 4.0
Background on model of Water, Nutrient and Light Capture in Agroforestry Systems

Figure 3.33

per ha, using the appropriate area scaling factor.

Figure 3.34.
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3.9. Carbon balance

This terminology is derived from the Century model. This part of the model was developed 

Types 2 and 3.
1. 
2. 

3. 
the procedure of Type 2

with low and high polyphenolic content are mixed.
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1. 

Georg Cadisch.
2. 
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crop
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litter
fall
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tree
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N fertilizer

LEACHING
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Figure 3.35

3.9.2.  Carbon stocks

2

response to actual crop performance.

Plot size and tree spacing,

Predetermined pruning events
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Building a fence around the plot

Crop residue removal,
Maintaining the fence.

At this stage only two types of plants are considered and thus we imply that there are no weeds. 

3.10.2. Slash-and-burn events 

temperature increase in the topsoil is derived from the temperature increase at the soil surface, 

2
content to mineral nutrients at the soil surface,



87

Chapter 3
Description of model sectors

FireWEvap

TreeTempTol[tree]

3.10.3 Tree mortality 

3.10.4. Weed growth

-2 for all 

temperature on the topsoil.
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3.10.6. Fence

    [67]

3.10.7. Tree pruning

 and allow the user to specify pruning dates, similar to the cropping 

and only if there is a crop in one of the zones
will ensure that no tree pruning is implemented in the later part of the 

For each pruning event, the parameter 

every event.
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3.10.8. Tillage 

3.10.10. Grazing 

level.

1. 
2. 

1. 

2. 
3. 

4. 

in managing the system.

3.11. Model output
3.11.1. General

the STELLA environment allows a user to interrogate the model for the value of any parameter 
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3.11.2. Financial analysis

The WaNuLCAS model can predict the outcome of patch-level performance of agroforestry 

      [68]

Table 3.7.

Costs Returns

Harvested crop yields

-

Organic inputs

-
ing

-

et al et al

   [69]

   [70]

   [71]
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   [72]

 [73]

cell 11 cell 21 cell 31 cell 41

cell 12 cell 22 cell 32 cell 42

cell 13 cell 23 cell 33 cell 43

cell 14 cell 24 cell 34 cell 44

= total = edge = local

Figure 3.36.





 

 Chapter 4
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system of maize and Peltophorum dasyrrachis

Figure 4.1.

The only inputs of water were due to rainfall directly on the simulated area, as the default slope 

-1

-13

-2

atmospheric N2
-2 -2 -2 was exported with crop 

-2 and the error term of 
-14
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-2. In contrast to N, 
-2 -13 again 

-2

to 24 Mg ha-1

-2

-2

-2

-2 -1

-1

The maize grain yield of 0.94 kg m-2 or 9.4 Mg ha-1 -1 per crop, 

4.2. The use of the main switches and changes in crop or tree 
type
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Peltophorum
zones at year 2.  Changing the tree type from Peltophorum to Gliricidia

a cropping period is due to pruning and use of internal reserves in the tree. For Gliricidia

Gliricidia Peltophorum.

Figure 4.2A…C

P.

Figure 4.2 H and I show the impact of tree and weed presence in the systems.  Current default 

refers to a crop and weed, while the weed growth in zone 1 is out of phase with the weed 

reducing weed growth, except for those in zone 1. 



97

Chapter 4
Examples of model applications

 
Figure 4.2.D…G

Figure 4.2 J compare the results for four crop types, each grown in separate zones and each 

Figure 4.2 H...K
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zone 3 and 120 in zone 4, kg N ha-1 crop-1

-2

Table 4.1.

-

New Value

0

0, 0, 0, 1, 1, 1, 1, 1, 1, 2, 2,2 -

-

1, 0, 1, 1, 0, 1, 1, 0, 1, 1, 0, 1
0, 1, 0, 0, 1, 0, 0, 1, 
0, 0, 1

-

N1[Zn1,2,3,4] 
N2[Zn1,2,3,4]

-

P[Zn2,3,4] 0,60,90,120
-

 

0.364
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-2 -1

Figure 4.3. A…F.

-1 crop-1
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spacing

Peltophorum as we know that in Lampung experiments 
Gliricidia

et al

Figure 4.4.

approximate Peltophorum and Gliricidia et 
al

derived form the Lampung site.

et al. 

control crop while for the G hedgerow intercropping system are slightly higher than this control 
crop. Hedgerow intercropping will clearly give increased crop growth in zone 4, where the 
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2

Table 4.2.

New Value

0.1

Table 4.3.

New Value

-

1, 1, 1, 1
1, 1, 1, 1

Agroforestry zone

0.1, 0.3

Figure 4.5.

pruned from Gliricidia higher than Peltophorum. From the third crop onwards, however yields 
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 fallows currently 

st nd 

crop zones while we need to start the tree zone with the weighted average of output from crop 
st soil layer.
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Tectona
reviewed in Van Noordwijk et al

Figure 4.6.
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Table 4.4.

st run

New Value

10
2
3

Agroforestry zone

20 Agroforestry Zone

0, 1, 1, 2, 2, 3, 3, 4 Crop Management

 
Crop Management

12

0

2 Tree Management

300 Tree Management

Tree Management

100 Crop Management

Graph A Graph B

4, 1.6, 0.64, 0 4, 4, 4, 0

1, 0.4, 0.16, 0 1, 1, 1, 0

0.1, 0.04, 0.016, 0 0.1, 0.1, 0.1, 0

Remarks
nd 

run
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nd run

New Value
st

Agroforestry Zone

3

2

20 Agroforestry Zone

0, 1, 1, 2, 2, 3, 3, 4 Crop Management

Crop Management

 

4.6. Contour hedgerows on sloping land 
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the alleys gives the highest yield, for others the lower alley, or even the upper alley. Although 

Control Bare strip no terrace mild strong 

C
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Figure 4.7.
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-2

3 for the four depth layers directly under the 
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agroforestry system. The narrow tree morphology produced more wood, as it invested less 

Figure 4.8.
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systems 

et 
al et al et al

et al

rv
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Figure 4.9.

et al
-3

length density of 0 and 1 cm cm-3

et al
model.
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Figure 4.10.

et al

high soil pH values.

et al
 and .

water c t
Ewater
Tc
Tt

Nutrient c t Leach c t
Nt
Nc
NLeach 

Paraserianthes-maize is the systems with highest water use 

Mahogany
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Figure 4.11. Paraserianthes 
Mahogany Hevea 

Figure 4.12. Paraserianthes 
Mahogany Hevea 
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agroforestry parkland system in Burkina Faso or was analysed using the Water Nutrient and 
et al

The tree was focus on two species  and Parkia biglobosa 
 with associated crops of  and 

Figure 4.13.

Figure 4.13 shows crop performance for the various zones and pruning regimes tended to 
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et al. 
et al

harvest residue (trash) and Bagas (sugarcane processing 
waste) on soil carbon and sugarcane yield

-1

One of the main crops in North Lampung is sugarcane.  Sugarcane yields tend to drop rapidly if 

trash Bagas Thrash 
and Bagas

-1 -1

ha-1  
and -1

Based on this experiment, we simulate the systems using WaNuLCAS model to see the long-term 
et al
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soil causing a decrease in sugarcane yield.

Figure 4.14. 



116

WaNulCAS 4.0
Background on model of Water, Nutrient and Light Capture in Agroforestry Systems

Figure 4.15.

phenologies on water balance and tree and crop growth

 and P. fortunei 
associated with maize. G. robusta is evergreen, A. acuminata is semi-deciduous and P. fortunei is 
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deciduous in term of tree water uptake.

Figure 4.16.
G. robusta A. acuminata P. fortunei
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Figure 4.17.
G. robusta A. acuminata P. fortunei

et al
may depend on tree root length density in the layer underneath the crop root zone. WaNuLCAS 



119

Chapter 4
Examples of model applications

Figure 4.18.

maize.

response

Level 0. 



120

WaNulCAS 4.0
Background on model of Water, Nutrient and Light Capture in Agroforestry Systems

Level 2.

et al
et al

Level 3. 
models that consider plants as organisms with the capacity to adjust the total amount of 

et al

-1, this environment would not provide enough 

response curve for the tree.
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Figure 4.19.
tree, with and without a grass sward.
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Figure 4.21. 

project, we use WaNuLCAS model to explore these choices.

separate monocultures. However, the points for A. mangium suggest virtually no intercropping 

P. falcataria has a low intercept 
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P. falcataria

an appropriate tree spacing.

 

Figure 4.22.
in Lampung.

 



125

Chapter 4
Examples of model applications

 
Figure 4.23.

tree establishment

years of most tree crops or agroforestry systems to maintain income and pay for the suppression 

species choice of the trees.  
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of Paraserianthes falcataria. Although Acacia mangium is a fast growing tree, a more intensive 
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STELLA
STELLA is similar to ModelMaker.

STELLA. The purpose 
of this session is to familiarize yourself with STELLA
STELLA

STELLA

Start STELLA

STELLA  [3]
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STELLA

1. Stocks

2. Flows

3. Converters

into outputs.

4. Connectors

elements.
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and length of fallow year

[4]

Making an Output

the right.  Then click OK.

Running the Program

To run the program choose Run  Ctrl-R 

right.

Time Spec
Run the model again and see what happen.
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STELLA -

Choose Sensi Spec
right.

Set then .

Now Run the model and see the result.

Exercises

-
low are several exercises you may like to try out.
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Appendix 2. User’s guide to WaNuLCAS

WaNuLCAS model. Throughout 

Windows.

TM

64 MB RAM

1. 
a. change most of the parameter values within the ranges set

run the model and explore the result
2. 

a. run the model

c. 
d. save graphs as pictures for printer

3. 
a. 

modify the parameter ranges
c. 
d. 
e. 
f. modify the layout of the model
g. 

com/

Installing WaNuLCAS
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allow any macro to run, you may need to change the security level for macros. 

If you are working with MS Excel 2003, to change the security level go to “Tools” and “Macro” 

properly.

WaNuLCAS.stm from appropriate directory.

in Excel.

If you working with STELLA 9, to update the linked input from Wanulcas.xls into GenRiver.stm 
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Most of the contents of Wanulcas.xls are linked to WaNuLCAS model as input parameters. 

File name

If you working with STELLA 9, you can give any name for the Wanulcas.xls.

You are now inside the Main Menu of WaNuLCAS and ready to work! In your screen you will see 
something like Figure App2.1.

 
Figure App2.1. View of WaNuLCAS Main Menu
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Main Menu

exercise.

To view model

To return to Main Menu

 
Figure App2.2.
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Main Menu click on  

Run

Pause

Stop

Resume

Time Spec

 

Figure App2.3.
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Figure App2.4

parameters are listed in Appendix 4 of this document.
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A. Graphs

Output Content Graph Type

Page 1 Time series

Page 2 Time series

Page 3 Time series

Time series

Page 6 Time series

Time series

Time series

Page 10 Time series

Page 11-12 Time series

Time series

Page 16 Time series

Time series

Time series

Page 19 Time series

Page 20 Histogram

Page 21 Water stock Histogram

Page 22 - 23 Nutrient stock Histogram

Pore volume Histogram

related to zone 1, 2, 3 and 4

Content

Page 1

Page 2

Page 3-4

Page 6

Page 11-12
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Content

Page 1-3

Page 4 Biomass and oil harvested

Tree comp

Content

Page 1

soil.

than 40 parameters.
allowable

NEW
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To view input-output summary

 in the Main Menu.  

This screen gives you summary of input and output in the current system simulated.   A list of 
Appendix 4 under Balance.

Main Menu.   It will lead you to list of input 
parameters. 

 
Figure App2.5. View of input menu



149

Appendix

To modify input value just write over the current value.  It will change if the new input value 

Please refer to STELLA

All input parameters in Wanulcas.xls are linked to WaNuLCAS model.  For these parameters you 

3.

Sheet Content

READ ME

Pedotransfer

Soil Hydraulic Soil Hydraulic input parameters for each soil layer and zone.  Linked to WaNuLCAS 
STELLA model

Phosphorus
Program to generate Ka -

Weather

Slash and Burn

Crop Management

Tree Management

Pedo SOM

output produced.  

Julian day

Link output
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To make Changes in the Model  

dependent.
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Wanulcas.xls

There are two ways to change input parameters in excel, making sure changes also occur inside 

1. Change input values in excel ONLY if you run the model and excel simultaneously with links 

2. 

update climate parameters. 

READ ME sheet.

AF System sheet

This sheet stores design of the system simulated includes tree density, tree spacing, tree 

WEATHER sheet

linked.
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WaNuLCAS input parameters

Pedotransfer sheet

et al

head. 

sat

crit
-1

calculated inside the STELLA model. 

generated values are input parameters for WaNuLCAS model.

WaNuLCAS input parameters

N11

M11

O11
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the parameters for soil layer i and zone j i and j  

i j
cells. 

Phosphorus sheet

the WaNuLCAS.stm model.

Stella model.

WaNuLCAS input parameters

i[P,Zone];  i

Nitrogen

Slash&Burn sheet
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increased temperature at the soil surface. The values in this sheet is the current default values 

WaNuLCAS input parameters

CROP MANAGEMENT sheet

YEAR 0. 

. The type of crop you choose here 
determine the parameter values copied to sheet  and , where 
the values are linked to model.

column D, I, N and S.

WaNuLCAS input parameters
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CROP LIBRARY sheet

e.g. there are three mutually exclusive ways of determining root length density in each cell in 

default values, that is for crop Cassava, Maize, Upland Rice, Groundnut and Cowpea. If you 
Yours1, ..., Yours5.  For the 

whole list of input parameters stored, please refer directly to the excel sheet.

MANAGEMENT.

TREE MANAGEMENT sheet

MANAGEMENT YEAR 0. 

TREE LIBRARY.  The type of crop you choose here determine the 
parameter values copied to sheet  and , where the values are 
linked to model.

WaNuLCAS input parameters

TREE PARAMETERS sheet
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 sheet 

sheet.

PROFITABILITY sheet

The sheet contains input needed in the simulated systems and output produced. There are 

. 
See directly in the excel sheet the whole list of input parameters.

Soil Hydraulic sheet 

This sheet contains soil hydraulic input parameters as generated and copied from Pedotransfer 

command has lead to the expected results or not.

Pedo_SOM sheet

organic reference value and to 

organic reference organic measured in the 

organic value for forest top soils of the same texture and pH..  This value 

organic  content.  There are two types of reference 

Main
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Survey

certain category.  

WaNuLCAS

WanFBA

links.

Input

WaNuLCAS. 

Sumoutput

value.

FBA.xls

diameter.

Rainfall simulator.xls
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       [A1]

      [A2]

      [A3]

      [A4]

         [A5]

2.d-1  is the up-
-2.d-1

0 1 the radius of the soil cylinder surround-

        [A6]

       [A7]
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where D0 -

stock
-2

        [A9]

Ka
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-

step towards mending it. 

Links can not be established

columns or moving cell contents around,
; it may help to remove all memory de-

-

Running speed -
ested in.
Links are not working; Wanulcas.xls is developed using MS Excel with English language as 

-
-

Error message at start or during RUN

-

example.
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A second class of error is that trees or crops do not grow as expected, or trees or crops do not 
grow at all

A second class of error is that trees or crops do not grow as expected, or other events do not 

-

-
-

-
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and Green (1991)

Criterion Symbol Range

Maximum error ME  0 0

RMSE  0 0

- CD  0 1

EF  1 1

residual mass
CRM  1 0

Pi i mean
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Appendix 10. Rainfall simulator within WaNuLCAS 4.0

WaNuLCAS, like many other hydrological and ecological models, needs daily rainfall data as 

determine the amount of rainfall.

Determining whether or not a day is a rainy day

exceeded 1 mm. 

       [A11]

n

2
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in the third-order 23x2. For these higher orders of Markov chain, the same principle applies to 

et al

         [A12]

       [A13]

        [A14]

state.

Determining the amount of rainfall in a wet day
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         [A15]

        [A16]

       [A17]

et al., 
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         [A20]
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         [A21]

Where  
and 

         [A22]

         [A23]

,
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Appendix 11. Water uptake module in WaNuLCAS

et al., 

pathway. The water uptake module only pertains to a part of the path, i.e. the transport of water 

model.

integrates uptake and transport over rooted voxels.

sp

     [A24]

Lrvi
-3

vi
3

i
sp. 

sp

sp -3 3

cm-3 3

rhizp

         [A25]

sp



217

Appendix

radp

        [A26]

Epot -2

et al pot

pot is an input 
value of the water uptake module.
Krad

3
water 

cm-1 cm-1
root length

-2

3 cm-1 cm-1 -2

longp

     [A27]

Li
Rlongsap

 mm-1water demand m-1
soil

-3 3 -3 3 -1 m-1

   [A28]

radp and longp rhizp is independent on 
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     [A35]
Recalling that only radp and longp pot, rhizp

demand.

III. Voxel level 

et al
et al

i
rhiz

i

    [A36]
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that rhiz
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i
pot

i

et al

[A34]
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R0 

R1 
soil

 

root
 

K, dh  
K, dh  

K, dh  

 

         [A37]

root soil
drying closer to the root surface. Therefore, soil

          [A38]

Where 2 day-1
ref is a reference value of the pressure head 

-1

root < soil

    [A39]

ref
soil and pFroot
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        [A40]
 

 [A41]
 

  [A42]

  [A43]

Where alpha, Ksat, , n are Van Genuchten parameters. 

-1

   [A46]
Where 

3

[A45]

[A44]
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soil weak

strong soil - weak and exclusively 
weak - strong

For weak plant

  [A47]

         [A48]

      [A49]

 [A50]
 

         [A51]

For strong plant in the common range

 [A52]

And for strong plant in the exclusive range

 [A53]
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i

      [A57]

     [A58]

Where soil weak and strong to calculate weak and strong

        [A59]

[A56]
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adjpot
i

       [A60]

12. Actual water uptakei i
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